The report of four novel mammalian pathogenic species of the genus Lagenidium prompted us to study the use of biochemical assays to differentiate the Oomycota mammalian pathogens Pythium insidiosum and Lagenidium spp. We investigated the reaction of 23 Lagenidium and eight Pythium species in various biochemical assays. Because the morphological features of the Oomycota species are similar to those of species in the Entomophthoramycota and Mucormycota, five fungal species with coenocytic hyphae were also included. We found that mammalian and plant isolates of Pythium spp. all hydrolysed sucrose, but Lagenidium species and the fungal strains did not. In addition, both Pythium spp. and Lagenidium spp. were found to be maltose-positive, whereas fungal strains did not hydrolyse this sugar. The fungal species and thermo-sensitive Lagenidium giganteum and Lagenidium humanum were urease-negative, but the mammalian Lagenidium spp. and Pythium spp. hydrolysed urea within 24 h. These findings suggest these assays can be used for the presumptive differentiation of mammalian Oomycota species in the laboratory.
INTRODUCTION
For more than a century Pythium insidiosum was considered the only Oomycota member causing infections in apparently healthy mammals, including humans (De Cock et al., 1987; Gaastra et al., 2010) . Recent reports of novel mammalian Oomycota species in the genus Lagenidium introduced a new level of complexity for the identification of these Oomycota pathogens in the laboratory (Mendoza & Vilela 2013; Vilela et al., 2015) . Infections caused by these unusual straminopilan fungal-like organisms are often fatal and occur in otherwise healthy hosts (Brown et al., 2008; Grooters et al., 2003) . Furthermore, because antifungal drugs are usually ineffective, patient management can be challenging (Brown et al., 2008; Grooters et al., 2003; Mendoza & Newton, 2005; Thitithanyanont et al., 1998) . Since most clinical laboratory personnel are not familiar with P. insidiosum or Lagenidium spp., misidentifications often result, particularly within members of the Entomophthoramycota and Mucormycota (herein referred to as the coenocytic filamentous fungi, CFF) (Gaastra et al., 2010; Lass-Flörl, 2009; Ribes et al., 2000) . Molecular methods have been introduced to accurately identify Oomycota isolates, but are available only in specialized laboratories (Gaastra et al., 2010; Grooters, 2003; Mendoza et al., 2004; Mendoza & Vilela, 2013; Reinprayoon et al., 2013; Vilela et al., 2015) . Since early diagnosis is essential for timely effective disease management, the development of simple tools to separate mammalian pathogenic Oomycota species is desirable.
The first documented cases of Lagenidium spp. associated with disease in dogs was reported by Grooters (2003) . The author stated that in 1999 several dogs were diagnosed with cutaneous and systemic infection, developing vena caval aneurysm, severe lymphadenitis and vasculitis, from which a member of the Oomycota, other than P. insidiosum, was isolated. The isolates were later identified using molecular tools as a Lagenidium spp., but DNA sequences were not disclosed and a detailed morphological description in culture not presented . Based on DNA profiles, Reinprayoon et al. (2013) and Mendoza & Vilela (2013) identified several isolates recovered from suspected cases of lagenidiosis in dogs, a cat and a human as Lagenidium species. The clinical features and morphological characteristics of the strains in culture were similar to those described by Grooters (2003) and Grooters et al. (2003) . Recent phylogenetic analyses of at least 21 Lagenidium spp. recovered from mammals with lagenidiosis (including a Thai human case), found the presence of three novel Lagenidium species (Vilela et al., 2015) . They also reported a monophyletic clade containing several Lagenidium giganteum strains recovered from mammals with lagenidiosis, taxonomically and phylogenetically similar to the isolates approved by the US Environmental Protection Agency (EPA) as a mosquito control agent (Hallmon et al., 2000) .
Currently, the identification of pathogenic Oomycota strains is based on the development of biflagellate zoospores in wet cultures and/or by PCR and DNA sequencing (De Cock et al., 1987; Gaastra et al., 2010; Grooters et al., 2003; Mendoza & Prendas, 1988; Vilela et al., 2015) . However, molecular methods are expensive, time consuming and not available in most clinical settings. Thus, there is a need for simple laboratory procedures to discriminate P. insidiosum from mammalian Lagenidium spp., and these Oomycota species from the pathogenic members in the CFF, in order to timely select appropriate patient management. Herein, we report that the hydrolysis of sucrose in culture could be used in the clinical laboratory to separate P. insidiosum from Lagenidium species.
METHODS
Strains and procedures to harvest hyphal mass. The strains used in this study are shown in Table 1 . The taxonomic and phylogenetic characterization of the pathogenic Lagenidium spp. in Table 1 was recently addressed by Vilela et al. (2015) . The fungal and Oomycota After incubation, a portion of the hyphal mass was taken from each flask and subcultured into 250 ml flasks containing 100 ml SDB.
Strains were incubated at 37 uC (CFF, thermo-tolerant Lagenidium spp., P. insidiosum) or at 25 uC (thermo-sensitive L. giganteum, L. humanum, Pythium sp. and P. ultimum) for 2 days on a shaker rotating at 150 r.p.m. After incubation, the content of each Erlenmeyer flask was dispensed into two 50 ml sterile polypropylene tubes (two for each strain) and then centrifuged for 15 min at 1500 g at room temperature (25 uC). To eliminate traces of sugar from the original medium, the supernatant was discarded and the hyphal mass washed three times with sterile distilled water and recentrifuged as above. The resulting cell mass was dispensed into empty sterile Petri dishes (one Petri dish per strain) and immediately used to perform and inoculate each of the biochemical assays. In addition, 4 mm blocks of the investigated strains growing on SDA plates (24 h of incubation) were cut and placed directly on purple agar plates containing the sugars listed below. After the completion of each experiment, the identity of the strains tested was verified, as per Mendoza & Prendas (1988) , for the development of zoospores and by their PCRamplified internal transcribed spacer (ITS) sequences (see below).
Media, biochemical tests and incubation protocol. Solid and liquid media and their components were purchased from BDDiagnostic Systems, and prepared according to the manufacturer's instructions. All tests incubated at 37 uC were read after 24 and 48 h. Test performed in media at room temperature (25 uC) were read after 48 and 72 h of incubation. The following media were prepared: Simmons' citrate agar to evaluate the utilization of citrate as the sole source of carbon, Bile aesculin agar to evaluate aesculin hydrolysis in the presence of bile, Christiansen's urea with 1.5 % agar to test the hydrolysis of urea, trypticase soy broth with 4 % gelatin to evaluate gelatin hydrolysis. Purple broth base with 1.5 % agar and 1.5 % of the following sugars per plate was prepared to evaluate sugar hydrolysis: adonitol, arabinose, cellobiose, dulcitol, galactose, glucose, inositol, lactose, maltose, mannitol, raffinose, rhamnose, sorbitol, sucrose, trehalose and xylose. The plates were incubated at 25 uC and 37 uC for 24 h.
The oxidase test was performed using 1 % aqueous solution of N,N, N9,N9-tetramethyl-para-phenylenediamine dihydrochloride (BBL/ Difco). A 3.0 mm portion of the hyphal mass, prepared as above, was placed on a flat white filter paper and then covered with two drops of the oxidase reagent. The production of a purple colour within the first 10 s was considered a positive reaction. The catalase test was performed by placing a 3.0 mm portion of the hyphal mass onto a glass slide then adding two drops of a 3 % H 2 O 2 reagent. The production of bubbles was considered a positive reaction. For each assay the appropriate positive and negative controls were run in tandem. Strains were tested in triplicate for each compound and all experiments repeated three times.
DNA extraction, PCR protocol and sequencing. The cell mass of each of the mammalian pathogen Lagenidium spp. was processed as above and then placed in a mortar and ground under liquid nitrogen. The DNA was treated with SDS and proteinase K digestion and then extracted with phenol, chloroform, isoamyl alcohol (Sigma). Amplification by hot start PCR of the ITS rDNA gene was accomplished using the universal ITS1 59-TCCGTAGGTGAACCTGCGG-39 and ITS4 59-TCCTCCGCTTATTGATATGC-39 primers. The PCR temperature cycling parameters were 10 min at 95 uC and 1 min for subsequent cycles, with annealing for 2 min at 60 uC and elongation at 72 uC for 3 min. This was repeated for 40 cycles, followed by a final elongation of 7 min at 72 uC. The amplicons were ligated into pCR 2.1-TOPO vector (Invitrogen), purified and then sequenced using BigDye Terminator chemistry in an ABI Prim 310 genetic analyser (Perkin-Elmer).
RESULTS

Strains
The hyphal mass of six isolates of P. insidosum and 11 strains of the thermo-tolerant L. giganteum developed flat colonies with few aerial hyphae after 24 to 48 h of incubation at 37 uC. The remaining mammalian Lagenidium strains (Lagenidium ajelloi MTLA-06, 07, 19-23, Lagenidium albertoi MTLA-13 and Lagenidium vilelae MTLA-24) developed slowly at 37 uC on the media tested. The mammalian pathogenic Lagenidium spp. and P. insidiosum strains also grew at room temperature (25 uC), but slowly when compared with growth at 37 uC. Thermo-sensitive L. giganteum (ATCC 36492 and ATCC 48336), L. humanum (ATCC 76726), Pythium sp. and P. ultimum did not grow at 37 uC, but developed very well at 25 uC. Although thermo-sensitive L. giganteum strains did not grow at 37 uC, they survived this temperature. Both strains developed colonies after the plates were transferred to 25 uC. Conidiobolus spp. and Basidiobolus ranarum developed flat colonies and forcibly discharged primary conidia. Rhizopus sp. displayed cottony colonies that rapidly covered the entire culture plate. These latter strains developed well at both temperatures (data not shown).
Biochemical tests
The utilization of citrate as a source of carbon, gelatinase production and the oxidase test were negative in all strains tested, whereas bile aesculin hydrolysis and catalase were positive (Fig. 1, Table 2 ). Pythium spp. and the thermotolerant Lagenidium spp. hydrolysed urea at 25 uC and 37 uC, whereas CFF, thermo-sensitive L. giganteum and L. humanum did not hydrolyse urea, even after 72 h of incubation at 25 uC. (Fig. 1, Table 2 ).
Hydrolysis of sugars
The hydrolysis of various sugars is shown in Table 2 . All strains tested developed large submerged filamentous colonies in the media containing the sugars evaluated, some of them changing the blue colour of the medium to yellow (hydrolysis, positive) and some remaining unchanged, i.e. blue (no hydrolysis, negative) (Fig. 1) . Both, the planktonic cells from broth cultures and cells from 4 mm blocks of SDA plate growth showed identical results on the sugar plates. All strains tested hydrolysed glucose, whereas adonitol, arabinose, dulcitol, inositol, lactose, mannitol, raffinose, rhamnose and sorbitol were not hydrolysed by any of the strains in Table 1 . Some of the strains negative for the above sugars showed the darkest blue colour on the reverse of the plates, suggesting a deep alkaline reaction probably due to the decarboxylation of amino acids in the medium (Fig. 1 , MTLA-04, 07, 24 and L. giganteum). Sucrose was hydrolysed by the mammalian and plant strains of Pythium spp., but the CFF strains and Lagenidium spp. did not hydrolyse this sugar (Fig. 1, Table 2 ). Conversely, maltose was hydrolysed by Lagenidum spp. and Pythium spp. but not by the CFF strains in this study. The strain belonging to Rhizopus sp. was the only one that hydrolysed arabinose, cellobiose, galactose, trehalose and xylose within the first 24 h of incubation. However, these sugars changed back to purple 24 h later. Some replicas of Lagenidium spp., other than thermo-sensitive L. giganteum strains, showed a pale yellow colour at the inoculum site of the cellobiose plates, but the advancing hyphae did not change the colour of the medium, and thus these were considered negative for the hydrolysis of this sugar.
DNA analysis and zoospore production
Identification of each of the strains used in the biochemical tests was confirmed by PCR amplification of the ITS DNA sequences. In addition, after each experiment the formation of vesicles containing zoospores was observed in the strains used during these experiments.
DISCUSSION
The identification of Oomycota species in the clinical laboratory has been challenging (Brown et al., 2008; Gaastra et al., 2010; Grooters et al., 2003; Mendoza & Vilela, 2013; Mendoza et al., 2004; Thianprasit et al., 1996; Vilela et al., 2015) . The discovery of several mammalian pathogenic species within the Oomycota (Dunbar & Wamsley, 2009; Grooters et al., 2003; Grooters, 2003; Mendoza & Vilela, 2013; Reinprayoon et al., 2013; Vilela et al., 2015) added a new level of complexity to the current protocols used to identify fungal and fungal-like filamentous Oomycota pathogens. A rapid diagnosis is essential for the selection of treatment modalities to manage these life-threatening infections, especially those involving mammalian Oomycota species (Dunbar & Wamsley, 2009; Grooters et al., 2003; Hensel et al., 2003; Mendoza & Vilela, 2013; Mendoza & Newton, 2005; Reinprayoon et al., 2013; Thianprasit et al., 1996; Thitithanyanont et al., 1998) . Our data showed that putative isolates from suspected cases involving Oomycota members on SDA cultures could be directly collected and evaluated by performing hydrolysis of sucrose and maltose tests within 24 h of incubation. This rapid diagnostic procedure is of importance for the physician, since a combination of immunotherapy, surgery and antifungal drugs showed encouraging results in the management of pythiosis in humans and lower animals (Hensel et al., 2003; Mendoza & Newton, 2005; Reinprayoon et al., 2013; Thitithanyanont et al., 1998) . In contrast, some hosts infected with the mammalian Lagenidium spp. resisted this combination of treatments (Mendoza & Vilela, 2013; Reinprayoon et al., 2013) . Thus, the data in this study showed that early detection of P. insidiosum and Lagenidium in the clinical setting is possible using simple culture techniques. The use of more expensive and time consuming molecular testing might also be performed later, as a confirmatory assay.
The finding in this study that only Pythium species, including P. insidiosum, hydrolysed sucrose indicates that this could be an important phenotype of Pythium spp. and, thus, may be useful in the laboratory to separate Pythium spp. from CFF and Lagenidium species, including the mosquito control agent L. giganteum. Likewise, the hydrolysis of maltose and urea could be of help to further separate the mammalian Oomycota pathogens from members in the CFF. In addition, the thermo-sensitive L. giganteum did not hydrolyse urea, so this feature could separate the mammalian L. giganteum from the L. giganteum mosquito control strains and other saprotrophic species such as L. humanum (Table 2 ). The hydrolysis of sugars in this study took 24 to 48 h to turn positive. Thus, this methodology has an advantage over PCR that requires genomic DNA extraction, PCR and sequencing, and is usually absent in most clinical settings. The finding that the CFF strains in this study hydrolysed maltose is encouraging.
Our data suggest that this may be a reliable phenotype of members in the Entomophthoramycota and Mucormycota, but more species need to be included to validate our finding. The report of Pythium aphanidermatum causing infection in a human indicates that the biochemical profile of other Pythium species should also be included in future studies (Calvano et al., 2011) . Contamination with other oomycetes is not a problem since P. insidiosum and other Oomycota members are not typical laboratory pollutants.
Using the data from this study, a chart to separate coenocytic filamentous pathogens in the clinical laboratory is proposed (Fig. 2) . The finding of coenocytic or sparsely septate hyphae in histopathology and/or in wet mount preparations could be used as one of the criteria to culture a clinical sample on SDA medium. Following standard incubation protocols Lass-Flörl, 2009; Mendoza & Vilela, 2013; Ribes et al., 2000) , the development of rapid-growing cottony colonies with coenocytic hyphae that readily sporulate on SDA or sporulate on media poor in nutrients and show a negative reaction to maltose and urea could identify the strains as putative members of the Entomophthoramycotina or Mucormycotina (Kwon-Chung, 2012) (Fig. 2) . Although Conidiobolus and Basidiobolus tend to develop flat colonies with few aerial hyphae, these sparsely septate filamentous fungi readily produce forcibly discharged conidia, a characteristic feature of these two fungi in culture (Kwon-Chung, 2012; Lass-Flörl, 2009; Ribes et al., 2000; Vilela et al., 2010) . Submerged, flat, maltose-and urea-positive colonies with no aerial hyphae lacking fruiting bodies, even in media poor in nutrients, may be suggestive of an Oomycota member (De Cock et al., 1987; Dunbar & Wamsley, 2009; Gaastra et al., 2010; Grooters et al., 2003; Mendoza & Vilela, 2013; Reinprayoon et al., 2013) . In this particular case, the development of zoospores in water cultures with ions (Mendoza & Prendas, 1988 ) and a positive reaction to the hydrolysis of sucrose could identify the strains as putative members of the genus Pythium, most likely P. insidiosum. In contrast, a negative result in the hydrolysis of sucrose could suggest the presence of a mammalian pathogenic Lagenidium spp. In addition, the use of urea after 48 h of incubation at 37 uC could be of help to further discriminate the mammalian pathogenic Lagenidium spp. from microbes such as the thermo-sensitive L. giganteum and possibly from other saprotrophic Lagenidium species, as shown in Fig. 2 .
Phylogenetic analyses have placed the mammalian Lagenidium strains evaluated in four clades (Vilela et al., 2015) . Three of them were treated as representatives of novel species: L. ajelloi, L. albertoi and L. vilelae; the remaining strains comprised a monophyletic clade containing the mammalian pathogen L. giganteum and the thermo-sensitive L. giganteum approved as mosquito control by the EPA (Hallmon et al., 2000) . In addition to the phenotypic and phylogenetic differences (Mendoza & Vilela, 2013; Vilela et al., 2015) , these two populations of L. giganteum can also be differentiated by using biochemical tests (this study), suggesting fundamental genomic differences between the two populations. Thus, there is a need for novel studies using genomic approaches to properly separate these two Oomycota types.
